Abstract: Asparagine glycosylation is one of the most common and important post-translational modifications of proteins in eukaryotic cells. N-Glycosylation occurs when a triantennary glycan precursor is transferred en bloc to a nascent polypeptide (harboring the N-X-T/S sequon) as the peptide is cotranslationally translocated into the endoplasmic reticulum (ER). In addition to facilitating binding interactions with components of the ER proteostasis network, N-glycans can also have intrinsic effects on protein folding by directly altering the folding energy landscape. Previous work from our laboratories (Hanson et al. Proc. Natl. Acad. Sci. U.S.A. 2009, 109, 3131-3136; Levy, Y. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 8256-8261) suggested that the three sugar residues closest to the protein are sufficient for accelerating protein folding and stabilizing the resulting structure in vitro; even a monosaccharide can have a dramatic effect. The highly conserved nature of these three proximal sugars in N-glycans led us to speculate that introducing an N-glycosylation site into a protein that is not normally glycosylated would stabilize the protein and increase its folding rate in a manner that does not depend on the presence of specific stabilizing protein-saccharide interactions. Here, we test this hypothesis experimentally and computationally by incorporating an N-linked GlcNAc residue at various positions within the Pin WW domain, a small -sheet-rich protein. The results show that an increased folding rate and enhanced thermodynamic stability are not general, context-independent consequences of N-glycosylation. Comparison between computational predictions and experimental observations suggests that generic glycan-based excluded volume effects are responsible for the destabilizing effect of glycosylation at highly structured positions. However, this reasoning does not adequately explain the observed destabilizing effect of glycosylation within flexible loops. Our data are consistent with the hypothesis that specific, evolved protein-glycan contacts must also play an important role in mediating the beneficial energetic effects on protein folding that glycosylation can confer.
Introduction
Approximately one-third of the human proteome is folded in the endoplasmic reticulum (ER), 1 where most of these proteins are cotranslationally N-glycosylated. In eukaryotes, N-glycosylation is catalyzed by the oligosaccharyltransferase enzyme complex (OST), which transfers the conserved triantennary N-glycan precursor (Glc 3 Man 9 GlcNAc 2 ) en bloc to the side-chain amide N of an Asn residue within the recognition sequence, Asn-Xxx-Thr/Ser, known as the N-glycosylation "sequon" (Figure 1) . [2] [3] [4] The outer two Glc residues from the A-branch of the conserved triantennary glycan precursor are rapidly removed by glucosidase I and glucosidase II, thereby enabling the nascent chain of the glycoprotein to enter the calnexin and calreticulin (CNX/ CRT)-assisted folding cycle in the ER, 5,6 part of the ER proteostasis network. [7] [8] [9] In this way, N-glycosylation has an extrinsic effect on protein folding, trafficking, and function.
be exported from the ER by vesicular trafficking. [11] [12] [13] The ER folding sensor UDP-glucose:glycoprotein glucosyltransferase detects and reglucosylates misfolded proteins, 14-17 allowing them to re-enter the CNX/CRT cycle, which provides another chance to acquire the proper fold. Glycoproteins that persistently fail to fold properly eventually encounter ER-resident R(1-2)-mannosidases, 18 which remove R(1,2)-mannose residues from the branches of the triantennary glycan precursor, thereby reducing the ability of the glycoprotein to re-enter the CNX/ CRT cycle 19, 20 and ultimately allowing it to be targeted it for proteasomal degradation in the cytosol via processes involving dislocation from the ER to the cytosol and ubiquitination ( Figure  1) . 18, 21, 22 The triantennary glycan precursors on folded glycoproteins are extensively remodeled in the Golgi, 2 which vastly expands the functional repertoire of the proteome, for example, by enabling binding interactions within and especially outside of the cell. While much is known about how N-glycans mediate extrinsic biologically assisted glycoprotein folding or degradation through binding interactions (an area of continuing investigation), 5,23 considerably less is known about the intrinsic or chemical basis for why so many eukaryotic proteins are N-glycosylated.
Several researchers have suggested that glycans play an intrinsic role in (1) stabilizing protein structure, 24 (2) accelerating folding, 25 (3) promoting the formation of secondary structure, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] (11) Gürkan, C.; Stagg, S. M.; LaPointe, P.; Balch, W. E. Nat. ReV Extrinsic effects of N-glycosylation: N-glycosylation allows a glycoprotein to enter the calnexin/calreticulin-assisted folding cycle in the ER, which allows it to fold and be secreted or to be targeted for degradation if attempts at proper folding are unsuccessful.
(4) reducing aggregation, possibly by shielding hydrophobic surfaces, 25, 42, 43 and (5) increasing folding cooperativity, 42 all through built-in mechanisms. That glycans can play such intrinsic roles is further supported by evidence that the N-glycan alone can rescue protein folding in cells when CNX/CRT are absent or nonfunctional or when the N-glycan itself is truncated and unable to interact with CNX/CRT.
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Previous work in our laboratories 45, 46 and by others [26] [27] [28] [29] [30] [31] [32] [33] [34] [36] [37] [38] [39] [40] [41] 47 suggests that the first two or three sugars of an N-glycan (those that are directly adjacent to protein) play an intrinsic role in accelerating protein folding and stabilizing the resulting structure. Even a single N-linked N-acetyl-D-glucosamine (GlcNAc) residue can have a dramatic effect on protein thermodynamics and kinetics. These three proximal sugars, two GlcNAc residues followed by one D-mannose (Man) residue, form a triose core that is strictly conserved among eukaryotic N-glycans. The highly conserved nature of the Asn-GlcNAc 2 Man triose led us to speculate that N-glycosylation might be a part of a general strategy to accelerate and stabilize protein folding intrinsically, especially in proteins where the sequence required for function might be at odds with optimal folding energetics. 45 We hypothesized that N-glycosylation of a naïve protein (i.e., one that is not normally glycosylated) would destabilize the denatured ensemble of the protein relative to the native state (by restricting the conformational entropy of the denatured ensemble, 26, 32, 34, 36, 37, 39, 48 and/or by blocking residual enthalpically favorable interactions 46 ), thus increasing the folding rate and thermodynamic stability of the glycoprotein relative to the nonglycosylated protein. We expected this effect to be general and independent of specific interactions between the oligosaccharide and protein side-chain or backbone groups. 45 Recent theoretical work supports this hypothesis: the glycosylationnaïve Src SH3 domain is generally stabilized by the addition of a model glycan in native topology-based simulations, provided that the glycan is not appended to a highly structured position. 46, 49 The model glycan in these simulations was an entropic chain that can only have generic excluded volume effects on the protein, suggesting that glycosylation can stabilize proteins without requiring specific favorable protein-oligosaccharide interactions. However, the simulations also indicate that glycan-based excluded volume effects are not universally stabilizing. The flexibility and structural characteristics of the glycosylation site can have a substantial impact: at positions involved in R-helical or -sheet secondary structure, glycosylation tends to destabilize the protein, presumably because the bulky glycan disrupts important native state interactions.
Here, we describe an experimental and computational study in which we have employed a WW domain protein to decipher the effect that glycosylation has on protein folding thermodynamics and kinetics. The WW domain of human Pin 1 (Pin WW) is a -sheet protein in which three antiparallel -strands are connected by two loops, with loop 1 connecting -strands 1 and 2 and loop 2 connecting -strands 2 and 3 ( Figure  2A,C) . [50] [51] [52] The folding kinetics and thermodynamics of Pin WW have been characterized extensively. 51, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] Pin WW is relatively stable (T m ) 57.5°C, see Table 1 ), tolerates mutations at most of its 34 residues, and is naïve to glycosylation (as a domain in a cytosolic protein, Pin WW is not normally glycosylated). Importantly, the short length of the Pin WW domain sequence allows us to prepare homogenously glycosylated 70 (Asn-GlcNAc)variantsbysolid-phasepeptidesynthesis.
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The results of the Asn-GlcNAc scan through the Pin WW domain demonstrate that an increased folding rate and enhanced thermodynamic stabilization are not general, context-independent consequences of N-glycosylation. In the rare cases where stabilization was observed in the Pin WW domain as a result of Asn-GlcNAc incorporation, the magnitude was 20-fold less than what was observed upon the addition of a GlcNAc residue to the -sheet-rich human glycoprotein CD2ad, suggesting that b Percent change in melting temperature for each pair of variants was calculated using absolute melting temperatures (in K) rather than melting temperatures in°C. context-specific, evolved protein-glycan contacts play an important role in mediating the thermodynamic and kinetic effects of glycosylation on protein folding.
Results
We selected nine positions in Pin WW wherein residues in the sequence of the parent protein Pin WW were replaced with either Asn (as in proteins 14, 17, 18, 19, 20, 23, and 33; note that the parent Pin WW sequence already has Asn at posititions 26 and 30) or an Asn-linked GlcNAc residue (Asn-GlcNAc, as in proteins 14g, 17g, 18g, 19g, 20g, 23g, 26g, 30g , and 33g; see Figure 2A , where the number in the name of each protein indicates the position of the substitution, and proteins with Asn-GlcNAc at these positions are denoted with a lowercase g). These positions occur in a variety of secondary structural contexts: position 14 is in -strand 1; positions 17-20 are in loop 1; positions 23 and 26 are in -strand 2; position 30 is in loop 2; and position 33 is in -strand 3 ( Figure 2C ).
In the subsequent discussion, we use the term glycosylation loosely to refer to both biological N-glycosylation and to the Asn to Asn-GlcNAc substitution used to generate the Pin WW variants in Figure 2A . However, it is important to note that this Asn to Asn-GlcNAc substitution differs from biological N-glycosylation in at least two ways. First, biological Nglycosylation appends a triantennary glycan to an Asn residue, whereas our approach uses the much smaller Asn-GlcNAc, which can be incorporated into chemically synthesized proteins using a commercially available protected amino acid (compare Figures 1 and 2B) . Despite the smaller size of GlcNAc relative to the triantennary glycan, we hypothesized that the Asn to Asn-GlcNAc substitution would nevertheless have a significant effect on protein folding energetics. Such was the case previously for CD2ad, in which addition of a single GlcNAc residue stabilizes the protein by 2.0 kcal/mol. 45 Several spectroscopic studies of the conformations adopted by GlcNAc-modified glycopeptides, 26-28,30-33,35-39 along with computational modeling of glycosylated Src SH3 domains, 46 provide additional support for this hypothesis.
A second difference is that biological N-glycosylation only occurs at Asn residues that are located within an Asn-Xxx-Thr/ Ser sequon (with Thr or Ser at the +2 position, two residues closer to the C-terminus of the protein than the modified Asn), whereas our chemical approach allows us to examine the effects of the Asn to Asn-GlcNAc substitution at any position in the Pin WW domain, whether or not Thr or Ser is present at the +2 position. This approach does not address the possibility that interactions between the N-glycan and the Thr/Ser side-chain at the +2 position might contribute to the effect of the Asn to Asn-GlcNAc substitution on glycoprotein folding. However, GlcNAc-Thr interactions were not observed previously in several conformational studies of GlcNAc-modified glycopeptides.
35-39 Furthermore, excluded volume effects (which we anticipated would be the major consequence of the Asn to Asn-GlcNAc substitution) should not depend on the exact identity of side-chains near the glycosylation site. Consequently, we chose not to modify the wild-type side-chain at the +2 position in each Asn or Asn-GlcNAc-containing variant.
We hoped that the comparison between the Pin WW variants with Asn and Asn-GlcNAc at each site would generate insights into the general thermodynamic and kinetic effects of glycosylation on naïve protein sequences. We also hoped that the differences between the predicted and experimental thermodynamic and kinetic results for each site would provide insights into the factors that allow glycosylation to accelerate folding and stabilize the folded state relative to the denatured ensemble.
We used the simplified native topology-based model 46, 74 to predict the thermodynamic and kinetic effects of the Asn or Asn-GlcNAc substitutions at each of the nine selected positions. We also measured the kinetic and thermodynamic consequences of these substitutions experimentally using variable temperature circular dichroism and laser temperature jump kinetic experiments, 55, 75 and compared variants containing Asn-GlcNAc at each position with corresponding variants, c Predicted changes to folding free energy resulting from the Asn to Asn(GlcNAc) mutation at the indicated positions were calculated on the basis of the all-atom native-topology model at the calculated melting temperature of the corresponding nonglycosylated Pin WW variant (unlike the measured folding free energies, which are all at 55°C). Uncertainties represent standard errors in each value.
d ∆G f and ∆∆G f values for positions 14g, 23g, and 26g could not be calculated because of the low thermal stability of these variants.
which contain only Asn. Tables 1 and 2 However, the magnitude of the change (∆∆G ≈ -0.1 kcal/ mol at 55°C) is ∼20-fold smaller than was observed upon adding GlcNAc to human CD2ad (∆∆G ) -2.0 kcal/mol). 45 Glycosylation is destabilizing to Pin WW at the other seven positions. The computational model accurately predicts this destabilizing result at three of the seven positions. At position 23 in -strand 2, replacing Asn (23) with Asn-GlcNAc (23g) results in a dramatic loss in stability with T m decreasing by ∼20°C
. Glycosylation at positions 26 (compare Pin WW with 26g) and 33 (compare 33 with 33g) is similarly destabilizing, with T m decreasing by ∼50 and 4.4°C, respectively. The fact that these destabilizing substitutions occur at positions that make a large number of contacts with nearby residues in the computational model 75 agrees with the rough inverse correlation between number of native contacts and glycosylation-induced increases in protein stability previously observed in silico with Src SH3. 46 This result suggests that adding a bulky GlcNAc residue to positions 23, 26, and 33 disrupts important stabilizing intramolecular interactions in the native state structural ensemble.
However, the location, structure, connectivity, and dynamics of a particular site do not always provide sufficient information to accurately predict whether glycosylation at that site will stabilize the protein. with 19g) , respectively, upon glycosylation. The destabilizing effect of glycosylation at positions 17, 18, and 19 in loop 1 is particularly noteworthy because loop 1 is relatively flexible and is extended away from the tightly packed core of the Pin WW domain; such a location seems ideally suited for stabilization via glycan-based excluded volume effects. These results suggest that glycan-based excluded volume effects and the structure, connectivity, and dynamics of a particular position provide an incomplete understanding of how glycosylation at that position will change the thermodynamics of protein folding.
The kinetic data present a similar picture. Table 3 shows folding rates at 55°C for Pin WW variants that have either Asn or Asn-GlcNAc at selected positions, along with computationally predicted changes in the folding rate at each position upon glycosylation. Table 4 shows unfolding rates at 55°C for Pin WW variants that have either Asn or Asn-GlcNAc at selected positions, along with computationally predicted changes in unfolding rate at each position upon glycosylation. In Tables  3 and 4 , the computationally predicted folding and unfolding rate ratios for each mutant were calculated at the predicted T m of the corresponding Asn-containing variant.
The modest stabilizing effect of the Asn to Asn-GlcNAc substitution at positions 20 and 30 appears to be a result, in part, of an increased folding rate. Glycosylation at position 20 (compare 20 with 20g) increases the folding rate ∼1.1-fold (Table 3 ). Glycosylation at position 30 (compare 30 with 30g) has a similar effect. These small folding rate increases agree with the predictions of the computational model and could be consistent with a small amount of denatured-state destabilization as a consequence of glycosylation. However, the decreased unfolding rate of 20g relative to 20 (also predicted by the model) could indicate that glycosylation at position 20 actually stabilizes the folding transition state and native state simultaneously. The a Variants for which experimental observations agree with computational predictions are italicized. b Measured folding rates at 55°C (328.15 K) were calculated on the basis of relaxation data from laser temperature jump experiments on 100 µM solutions of each Pin WW domain variant in 20 mM sodium phosphate buffer (pH 7; see the Supporting Information for details). Uncertainties represent the standard error in folding rates.
c Predicted folding rate ratios at the indicated positions were calculated on the basis of the all-atom native-topology model at the calculated melting temperature of the corresponding nonglycosylated Asn-containing Pin WW variant (in contrast with the measured folding rate ratios, which are all at 55°C).
d The folding kinetics of peptides 14, 14g, 23, 23g, and 26g could not be analyzed via laser temperature-jump experiments due to their low thermal stability.
destabilizing effect of glycosylation at position 33 (compare 33 with 33g) appears to come only from a reduced folding rate, and not from a change to unfolding rate (whereas the model predicted a decreased folding rate and an increased unfolding rate).
As was the case for the thermodynamic results, the glycosylation-induced changes to folding rate at positions 17 (compare 17 with 17g), 18 (compare 18 with 18g), and 19 (compare 19 with 19 g) do not agree with computational predictions. Whereas glycosylation at each of these positions was predicted to increase the folding rate, we observe the opposite (Table 3 ). The observed changes to unfolding rate at positions 18 and 19 are similarly inconsistent with the computational predictions. Whereas the Asn to Asn-GlcNAc subsitution at these positions was predicted to decrease unfolding rate, we observe either no change or a slight increase in unfolding rate. In contrast, glycosylation at position 17 appears to decrease unfolding rate slightly, which does agree with the computational predictions.
Discussion
Although we have focused here on comparing Pin WW variants that have either Asn or Asn-GlcNAc at a given site, it should be noted that replacing wild-type residues with Asn is often destabilizing to Pin WW (Table 1) , especially at position 14 in -strand 1, 23 in -strand 2, and 33 in -strand 3 (where the wild-type residues are Arg, Tyr, and Gln, respectively; Figure 2C ). This loss of stability may reflect the inability of Asn to form favorable contacts with nearby residues as efficiently as do the wild-type side chains; it may also reflect the lower -strand propensity of Asn relative to Arg, Tyr, and Gln. 76 Glycosylation at each of these positions results in even further decreases in stability, possibly as a result of rigidifying unfavorable Asn side-chain conformations. 43 The computational model successfully predicts the sign of the effect of glycosylation on the thermodynamic stability of Pin WW at positions 20, 23, 26, 30, and 33, although the predicted and experimental magnitudes are quite different in some cases. The model fails to predict accurately the sign of the thermodynamic effect of glycosylation at positions 14, 17, 18, and 19. The predictions appear to be most accurate at positions where the Asn to Asn-GlcNAc substitution is strongly destabilizing. Asn to Asn-GlcNAc substitution was predicted to be destabilizing at positions 23, 26, and 33, presumably because these positions are highly structured in the folded state of wild-type Pin WW and each make a large number of contacts with nearby residues. Our observations agree with these predictions in each case, suggesting that glycosylation at highly structured locations disrupts important stabilizing interactions in the native state structural ensemble via generic glycan-based excluded volume effects.
In contrast, the model is less accurate at predicting positions where the Asn to Asn-GlcNAc substitution is stabilizing to Pin WW. Of the six sites predicted by the model to be stabilized by glycosylation (positions 14, 17, 18, 19, 20, and 30), only two are actually stabilized (positions 20 and 30). The discrepancy between experiment and computation is particularly notable at positions 17, 18, and 19 in flexible loop 1, which is relatively far removed from potentially destabilizing steric clashes with side-chains in the tightly packed core of the Pin WW domain, and seems ideally suited for the stabilizing glycan-based excluded volume effects that we hypothesized would be so significant.
One potential explanation for this discrepancy in loop 1 is that the computational model is based on the NMR structure of wild-type Pin WW 51 and assumes that the native states of our Asn-or Asn-GlcNAc-containing variants have the same threedimensional structure, an assumption that may not reflect reality in atomic detail. The similar shape of the CD spectra of each of our Asn-and Asn-GlcNAc-containing variants suggests that c Predicted unfolding rate ratios at the indicated positions were calculated on the basis of the all-atom native-topology model at the calculated melting temperature of the corresponding nonglycosylated Asn-containing Pin WW variant (in contrast with the measured unfolding rate ratios, which are at 55°C).
d The unfolding kinetics of peptides 14, 14g, 23, 23g, and 26g could not be analyzed via laser temperature-jump experiments due to their low thermal stability.
their three-dimensional structures are similar, 75 but our melting temperature data show that glycoproteins 17g, 18g, and 19g are each slightly less stable than are proteins 17, 18, and 19. It is possible that these small changes in thermodynamic stability are accompanied by structural rearrangements in either the native state or the denatured ensemble for which the computational model does not account. If so, calculations based on the wildtype Pin WW NMR structure might be unable to predict accurately the effect of glycosylation at those positions. The discrepancy between computational predictions and experimental observations at positions 17, 18, and 19 could reflect the presence of glycosylation-associated structural rearrangements that prevent the formation of favorable interactions between Asn and other protein side-chain or backbone groups. These rearrangements would themselves be evidence that glycan-based excluded volume effects play a less significant role in changing glycoprotein folding energetics at unstructured positions than we originally hypothesized.
A related possibility is that glycan-based excluded volume effects generally destabilize proteins (by disrupting important native state interactions) unless there are specific favorable interactions between the saccharide and protein side-chain or backbone groups. For example, the observed increased stability and increased folding rate of 20g relative to 20, and of 30g relative to 30, could be the result of simultaneous transition state and native state stabilization (rather than destabilization of the denatured ensemble), reflecting the presence of favorable glycan-protein contacts at these positions. Similarly, the observed destabilizing effect of glycosylation at positions 17, 18, and 19 in loop 1 could reflect the unanticipated absence of favorable GlcNAc-protein interactions at these positions. The results of our study show that generic glycan-based excluded volume effects do not provide a sufficient explanation for the effect of the Asn to Asn-GlcNAc substitution at flexible positions and suggest that specific, context-dependent GlcNAcprotein interactions play a more significant role than we originally hypothesized.
Conclusions
While the basis for the differences between the predicted and experimental data can be debated, co-consideration of the experimental and computational data allows definitive conclusions to be drawn. First, the stabilizing effects of glycosylation on the naïve Pin WW domain, when observed, were an order of magnitude smaller than those reported for the evolved glycoprotein CD2ad (-2.0 kcal/mol), suggesting that specific, evolved protein-glycan contacts play an important role in mediating the unusually large effects of glycosylation on the folding energetics of CD2ad, and are likely important in other glycoproteins as well. Second, increased thermodynamic stabilization and increased folding rate (whether from denatured ensemble destabilization or from transition state and native state stabilization) are apparently not general, context-independent consequences of introducing a glycosylation site into a naïve protein, even when the glycosylation site is placed within a flexible region such as a loop, where excluded volume effects would be predicted to be most influential. Finally, factors other than glycan-based excluded volume effects (accompanied by consideration of local structure, connectivity and dynamics) strongly influence whether or not glycosylation will be stabilizing to Pin WW at positions in flexible loops. These factors could include significant structural rearrangements of Pin WW upon glycosylation and/or the presence or absence of explicit stabilizing interactions between GlcNAc and protein side-chain or backbone groups. The hypothesis that specific GlcNAc-protein side-chain interactions play an important role in stabilizing proteins by N-glycosylation is currently being explored.
